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Using multislice segmented echoplanar imaging at 4 T, we have
measured an upper bound to the cortical vasculature point-
spread function (PSF) using functional magnetic resonance
imaging (fMRI) in humans. Our experiments demonstrate that
cortical subunits that are approximately 700 µm apart can be
resolved using the early part of the hyperoxygenation phase of
the blood oxygenation level-dependent (BOLD) effect. This was
accomplished using brief (4 sec) single trials of monocular
and binocular stimulation of ocular dominance columns in
human primary visual cortex. The data suggest that at
even higher magnetic ﬁelds, the cortical vasculature PSF may
be limited by the extent and nature of horizontal connections
and not signal-to-noise ratio. Magn Reson Med 41:230–235,
1999. r 1999 Wiley-Liss, Inc.
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Optical imaging using intrinsic signals (OIS) has demon-
strated a biphasic response in the local hemodynamic
response to neural activity. Using wavelength resolved
OIS, Malonek and Grinvald have demonstrated that subse-
quent to the onset of neural activity, there is a transient
increase in the tissue concentration of deoxyhemoglobin
[Hb], caused by an increase in local oxygen consumption
with no commensurate change in blood flow or volume (1).
There is a large increase in the regional blood volume
(rCBV) and cerebral blood flow (rCBF), which vastly
overcompensates for the local oxygen consumption in-
crease. This results in a hyperoxygenation of the capillaries
and venous vasculature due to an increase in tissue
oxyhemoglobin concentration [HbO2], relative to the rest-
ing condition. This temporal signature is also thought to
correspond to that seen in functional magnetic resonance
imaging (fMRI) studies of the visual system at very high
magnetic fields (2,3). It has been argued to varying degrees
that the early phase of the response [the ‘‘initial dip’’ in
MRI parlance (1–3)] is better localized to the source of
neuronal activity than the hyperoxic phase because while
the metabolic changes giving rise to the increased oxygen
consumption are well co-localized with the neural activity,
the resulting vascular flow response is not tightly coupled
to neural activity. Since the initial dip is very small and
extremely difficult to map even at4T[ ,10% of the
positive going blood oxygenation level-dependent (BOLD)
signal], for practical experiments it is the latter phase that
is used to make maps of human brain function in fMRI
studies. On this basis, it has been argued that fMRI cannot
produce submillimeter functional resolution in humans
becausethelaterstagehyperoxicvascularresponsespreads
out over many millimeters (1).
However,DasandGilbert(4)havemadecarefulmeasure-
ments of the cortical point-spread function (PSF) of the
neural spiking activity using extracellular electrodes and
the cortical PSF of the vasculature using OIS at 610 nm
(which measures a combination of [Hb], [HbO2], and cell
swelling). Using visual stimulation in a feline model in
which a 1 3 1 mm patch of cortex demonstrated spiking
neurons, the mean diameter of the vascular response was
found to be 3.8 mm in extent (i.e., the cortical vascular
PSF). They relate this to the fact that the metabolically
demandingsubthresholddepolarizationofneuronsspreads
far beyond the spiking area due to extensive horizontal
arborization of cortical neurons in the upper layers of the
cortex. Furthermore, it is believed that OIS is sensitive to
increased metabolic activity due to the transmembrane
potentials that give rise to subthreshold synaptic potentials
(5). In this interpretation, the vascular response is coupled
to neural metabolic activity, and it is the cortical PSF of the
subthreshold depolarization and hence metabolism that is
mirrored by the vascular PSF.
Examination of Fig. 3 in Malonek and Grinvald (1)
suggests that there may be merit to both explanations.
Usingstimuliof2or4secduration,itappearsthattheearly
part of the hyperoxic response can yield almost as well-
localized functional maps as those made during the initial
deoxygenation phase. At later times (.10 sec post stimulus
onset) it certainly appears that the vascular response
becomes nonselective. Therefore we have explored the
possibility of measuring the cortical PSF of BOLD using
short stimuli and the early part of the hyperoxygenation
phase of the BOLD response. The cortical PSF can be
defined by the area of cortex ‘‘activated’’ by a small visual
stimulus (4). The meaning of the term ‘‘activated’’ depends
on the technique being used to measure the cortical
response. Extracellular recordings measure spiking activ-
ity, while OIS and fMRI measure metabolic activity that
can be associated with inhibitory or excitatory post-
synaptic potentials, which are expected to extend some
distancefromthespikingneuronsduetohorizontalconnec-
tions (5). To determine the PSF of the cortical vascular
response, a point source of spiking activity in the cortex is
needed. Traditionally, one might use a point source of light
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230 r 1999 Wiley-Liss, Inc.to accomplish this. One could then examine how far the
activity-linked blood flow changes extended, but with
fMRI, this depends on the somewhat arbitrary thresholds
used in analysis.
Another approach is to attempt to resolve point source
pairs of known separation as is done with a typical quality
assurance resolution phantom. In humans, nature has
provided a convenient resolution grid in the form of the
ocular dominance column (ODC) corresponding to each
eye in primary visual cortex (V1). Strictly speaking, the
binary nature of the innervation is found only in layer IV.
In the layers above and below that, horizontal connections
blur the distinction somewhat; however eye dominance
remains consistent throughout the depth of the cortex
(layers I–VI). These columns have the advantage that they
can be selectively and noninvasively activated using pho-
tic stimulation of one eye (independent of stimulus size in
degrees). Columns corresponding to one eye alternate with
those from the other as one follows the cortical ribbon, as
shown schematically in Fig. 1.
In human striate cortex, the ocular dominance columns
are somewhat less than 1 3 1 mm in cross section and
several millimeters long running parallel to the cortical
surface (6); they can be visualized as interdigitated patches
along the striate cortex (,1 mm center to center) in oblique
axial slices that cut perpendicular to the calcarine fissure.
Functional MRI of ODCs is a challenge because it requires
submillimeter spatial resolution while preserving sensitiv-
ity to the microvascular BOLD signal, in addition to
suppressing minute head motions. The factors governing
resolution at this level can be divided into two major
categories, namely contrast-to-noise ratio (CNR) and vascu-
lar specificity. In fMRI experiments using BOLD contrast,
CNR can be enhanced through the use of surface coils (7),
physiological noise suppression schemes (8), pulse-
sequence design (9,10), parameter optimization (11), and
magnetic field strength (12). However, as described above,
nature sets the ultimate limits on how tightly the vascula-
ture responds to neural activity in an ODC, and it is this
response we wish to characterize.
Previous studies of ocular dominance using fMRI (13)
have suffered from insufficient spatial resolution from two
perspectives. First, the image resolution was somewhat
coarse relative to the actual size of the columns, giving rise
to partial volume effects. Also, by saturating the vascular
responsewithaprolongedvisualstimulus,thenonspecific-
ity of the fMRI response in the draining venules and veins
yielded an effectively lower spatial resolution, as has been
pointed out in optical imaging and fMRI studies (1,14). In
this work, we have examined the fractional signal changes
that occur in an ODC when the corresponding eye is
stimulated using a short duration contrast-reversing check-
erboard versus when both eyes or the opposite eye is
stimulated and have shown that with the appropriate
paradigm, the point sources that are no more than 700 mm
apart can be resolved using fMRI. This is an upper limit
defined by the separation of the ODCs in humans.
MATERIALS AND METHODS
Paradigm
Six healthy subjects [three male, three female, 26 6 3 years
old (mean 6 SD)] with no known visual deficits partici-
pated in the study. Written informed consent was obtained
as per NIH and local institutional guidelines. The study
was composed of nine 30 sec epochs (i.e., nine single
trials), each consisting of 4 sec of visual stimulation using a
black and white checkerboard [157 in diameter, with a
central fixation cross, created using Director 5.0 (Macrome-
dia, San Francisco, CA)], reversing contrast at 8 Hz. During
each trial, a monocular [left eye (L) or right eye (R)] or
binocular (B) view of the checkerboard was presented to
the subject through a pair of liquid crystal shutter glasses
(Translucent Technologies, Toronto, Ontario, Canada) to
ensure fixation on the same target position. Between
presentations (26 sec), both shutters were closed and
translucent. The checkerboard remained on at all times to
ensure that the subject did not become dark-adapted. The
nine trials were presented in the following order: B-L-R-B-
L-R-B-L-R. During the experiment, each subject was in-
structed to keep both eyes open and to fixate on the cross-
hairs at the center of the checkerboard whenever visible.
fMRI
Functional imaging experiments were performed using a
Varian Unity INOVA 4 T whole-body system (Varian NMR
Instruments, Palo Alto, CA; Siemens, Erlangen, Germany)
FIG. 1. T1-weighted anatomic image of a typical oblique slice in the
human visual cortex. The inset on the top left shows an expanded
view of the cortical ribbon of gray matter, in which the cortical surface
abuts the cerebral spinal ﬂuid (dark) and the white matter lies below
the gray matter. Any given segment of the cortical ribbon has six
cytoarchitectonically deﬁned layers, as shown schematically in the
inset on the top right. This illustrates that the left and right eye inputs
are segregated only in layer 4C, and that horizontal connections
between the ocular dominance columns occur in the superﬁcial
layers of the cortex. Interactions between these lateral neurons blur
the sharp edges of the columns seen in layer 4C but preserve the
general concept of ocular dominance in all layers.
Submillimeter fMRI Using BOLD Contrast 231equipped with 25 mT/m actively-shielded whole-body
gradients. The subject lay supine on the patient bed with
the back of the head resting on a well-padded support. The
underside of this support housed a distributed capaci-
tance, 3-inch diameter, quadrature radiofrequency (RF)
surface coil to transmit and receive the MR signal. The sub-
ject’s head was immobilized using a well-padded head vise
secured to the same platform that held the coil and head
support. This vise also housed a mirror above the subject’s
eyes that was tilted at an angle to allow the subject to view
a projector screen placed around the subject’s waist.
At the beginning of the imaging experiment, T1-weighted
sagittal MR images were collected to prescribe oblique
axial imaging planes parallel to the calcarine fissure. This
orientation would cut the columns roughly perpendicular
to their orientation. During the experiment, T2*-weighted
MR images were collected using a echoplanar imaging
(EPI) gradient-recalled echo pulse sequence (256 3 256
matrix, 14 cm field of view, TE 20 msec, TR 400 msec, flip
angle 357, 4 mm slice thickness) with both the segments
(eight segments) and slices (three slices) interleaved as
well as with centric ordering of k-space and a navigator
echo for every segment. The in-plane resolution was 547 3
547 mm. Accounting for T2* blurring, the true image
resolution was 630 mm. One segment of raw k-space data
was collected for each image plane before collection of the
next segment of k-space, as shown in Fig. 2.
To improve temporal resolution between each volume,
each image was reconstructed using the ‘‘sliding window’’
technique shown in Fig. 2.
Using this variation of MR fluroscopy (15), an image was
reconstructed from eight contiguous segments (one ‘‘win-
dow’’) for that image plane. To reconstruct the next image
in the time series, the image ‘‘window’’ was shifted in time
by one segment for that image plane. To locate V1, an addi-
tional experiment was performed within the same imaging
session using checkerboards of different luminance con-
trasts. We have previously found that only V1 responds to
luminance contrast changes, making this experiment a
robust method to demarcate the boundaries of V1 (16).
Analysis
Although the ‘‘’sliding window’’ technique potentially
improves temporal resolution, the result is a temporal
smearing of the fMRI time series. For this reason, the
average time series for selected regions within V1 were
autocorrelated to provide a measure of this temporal
smearing. Images separated in time by at least the full-
width at half-maximum of the autocorrelation function
were considered to be independent. This was incorporated
into the calculation of the number of degrees of freedom in
the data.
The data collected were analyzed using Stimulate (17)
running on a Sun UltraSparc 5 (Sun Microsystems, Moun-
tainview, CA) after applying a zero-frequency notch filter
to remove any baseline drift. An activation map for each
subject was calculated using a Student’s t-test to determine
image voxels that were significantly activated (relative to
the baseline translucent state at P , 0.01) during each
monocular and binocular viewing condition. An activation
map reflecting significant differences in activation be-
tween the two monocular conditions, measured as peak
amplitude of the hyperoxygenation phase of the BOLD
time series was also made. The logical AND of these two
maps provided a map of ocular dominance (P , 0.001). The
resulting map of activated voxels was segregated into two
populations,namely,right-eyedominantandleft-eyedomi-
nant. No further thresholding or clustering was performed
on the data. For each of these populations, we determined
the mean activation during the monocular stimulation of
the corresponding eye, during the monocular stimulation
of the other eye, and during binocular stimulation. We also
investigated the mean cluster size of the activated voxels
for each of the right-eye and left-eye voxel populations.
FIG. 2. Schematic of the ‘‘sliding window’’ approach to reconstruct-
ing the multi-segment multislice EPI data. The slices are acquired in
segmented interleaved mode, allowing considerable relaxation (400
msec) between subsequent excitations and consequently a higher tip
angle.
FIG. 3. Maps of ocular dominance for four different subjects. Red
(blue) voxels indicate areas that are more highly activated during
monocular stimulation of the right (left) eye.Activated areas lie within
gray matter in V1, and alternate in color on a scale consistent with the
size of ocular dominance columns in humans (0.5–1.0 mm).
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Figure 3 shows ODC maps for each of four subjects
superimposed on the corresponding anatomic slices. A
consistent pattern of generally interdigitated activation
corresponding to each eye is noted. This pattern is a
hallmarkofoculardominancecolumnsviewedperpendicu-
lar to their long axis (6,18) (Fig. 1). We also note that this
pattern is consistent across all six subjects and three slices
in our study, demonstrating that the methodology is quite
robust. One might expect some partial volume effect for
columns whose axes might be at slight angles relative to the
slice normal, resulting in an overestimate of the column
sizes. However, we found no significant deviation from
published data from postmortem studies (6) although these
were done with cytochrome oxidase staining and may not
reflect the same properties as our metabolic measurement.
Furthermore, even though the calcarine fissue usually has
a slightly different angulation between hemispheres, our
results on column size, fractional signal change, and
histograms of ocular dominance are independent across
the hemispheres, suggesting no systematic biases in the
data. Our data averaged across all subjects show that the
ODCs are 0.715 6 0.024 mm on a side, consistent with
postmortem studies (6,18). In an elegant series of experi-
ments characterizing the modulation transfer function in
the visual system, Engel et al showed that the fMRI signal
could be localized to within 1.1 mm at 1.5 T (19). They also
point out that this limit depends on the signal-to-noise
ratio of the measurement and that there is no theoretical
limit why it cannot be extended, as we have. Ultimately,
they suspect, and we agree, that the lateral connections in
the horizontal layers of the cortex, as well as the vascular
density (20), will set the limiting resolution in fMRI, and
these can vary in different areas of the brain.
In Fig. 4a, a time course from a single subject and a single
slice is shown for right eye ODCs and left eye ODCs during
the entire 270 sec paradigm. The nine single trial epochs
are clearly visible. We have averaged these curves for both
eyes, for each stimulation condition, and for all subjects in
Fig. 4b. In what we identify as ODCs being driven directly
by an open eye (left ODCs driven by left eye averaged with
right ODCs driven by right eye), the fractional signal
change has a mean of 1.74%, while in the adjacent columns
of the nonstimulated eye (right ODCs while left eye stimu-
FIG. 4. a: Time course during the visual stimulation paradigm (B,
binocular stimulation; L, left eye stimulation; R, right eye stimulation)
for a single subject for pixels identiﬁed as right eye columns and left
eye columns. The periods in between these correspond to the
opaque state of the liquid crystal shutter glasses (see text). b:
Average time courses across all subjects (i, ODCs of left eye under
left eye stimulation and ODCs of right eye under right eye stimulation;
ii, ODCs of both eyes under binocular stimulation; iii, ODCs of left eye
under right eye stimulation and ODCs of right eye under left eye
stimulation).The gray bar denotes the time the stimulus was on for. c:
Distributions of the number of pixels as a function of fractional signal
change for the conditions (i) and (iii) above. The entire distribution
shifts down in mean activation level between a condition in which the
correct columns are being stimulated and the condition in which the
other eye’s columns are being stimulated. The means of the distribu-
tions correspond to the peak of the averaged time courses (i) and (iii)
in b.
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the mean fractional BOLD change is 1.01%. In other words,
the part of the fMRI response that allows functional
mapping of ODCs [termed the mapping signal in OIS (1)] is
72% higher than the response in the inactive columns. We
return to this point later. Thus at least at short post-
stimulus times, even the hyperoxygenation phase gives
considerable contrast between the active and inactive
columns, contrary to the suggestion by other researchers
using optical imaging (1).
To investigate the fMRI changes further, we examined
the nature of the underlying distribution of the fractional
signal changes rather than just their means. This was done
by creating a histogram of all the fractional signal changes
occuring in the stimulated ODCs and comparing it against
the histogram of the inactive ODCs corresponding to the
other eye. This is shown in Fig. 4c. Each set of columns has
the same underlying shape (slightly kurtotic) and width,
but the stimulated column pixels consistently exhibit a
higher fractional signal change than the corresponding
points on the distribution for the inactive columns. Thus
the observation that the active columns of the stimulated
eye have 1.74 times the signal change compared with the
inactive columns of the other eye is probably a conse-
quence of a point-by-point shift in the entire distribution
and is not just a shift in the mean of a few pixels or a change
in the histogram shape.
Typically, we have that found draining veins usually
produce greater than 5% signal changes (2,12,15) and can
be removed by thresholding the activation maps. However,
no post hoc thresholding was needed to eliminate large
fractional changes in this case, probably because draining
venous vessels might not be expected to meet the two
criteria used to make the maps. In fact the histograms show
that no pixels exceeding a 3% signal change met our
criteria of significant change from baseline AND significant
difference between monocular states. This fractional value
is consistent with the combined changes observed in the
OIS signals for [Hb] and [HbO2]. We were also able to
discriminate reliably changes of under 0.1% in our data,
due to the head immobilization, the navigator correction,
and the intrinsic stability of the scanner. With these short
duration stimuli, the fMRI response never reaches satura-
tion, and therefore the peak value of the hyperoxygenation
phase is presumably proportional to the local metabolic
activity. A longer stimulus may well have obliterated these
differences. An interesting observation was that with these
short duration stimuli, the post-stimulus undershoot ap-
pears absent, as does any initial dip (Fig. 4b). While the
former observation is consistent with the OIS literature (1)
and the balloon model of Buxton and colleagues in the
short stimulus regime (21), the latter is difficult to explain,
particularly in light of the fact that we must be observing
capillary bed changes to make the left-right eye ODC
discrimination. We postulate that this is stimulus intensity
related. In previous observations of the initial dip at 4 T
with fMRI, very bright stimuli have been used, combined
with extended periods of total darkness. In our experiment,
the luminance was moderate so as to avoid squinting and
the translucency of the liquid crystal shutter glasses en-
sured that no dark adaptation took place between trials.
Another curious feature is that of the binocular stimula-
tion condition (Fig. 4b). During binocular stimulation, in
the changes in pixels identified as ODCs, the fractional
signal change is less than when the ODC is being stimu-
lated by the appropriate eye. There are two possible
explanations for this. The first is that the vascular reserve is
not capable of providing the full rCBF change to both sets
of columns. We find this possibility remote, in part because
it destroys any expectation of linearity of the BOLD signal
with metabolic activity (22). If one spatially blurs the data
by a factor of two, it would be expected that with twice the
input into the voxel (binocular condition), the BOLD effect
should be twice as large. In fact our data suggest it is lower
than the monocular state. Thus, the more likely option is
that inhibitory activity between columns reduces either the
spiking activity within the columns or reduces subthresh-
old membrane activity in the horizontal layers, leading to
reduced metabolic activity. Resolution of these alternatives
would require OIS measurements to be done in conjunc-
tion with single unit recordings at multiple sites.
CONCLUSIONS
Our data show that is is possible to separate reliably and
robustly two different neural populations that are approxi-
mately 700 mm apart using fMRI in the visual cortex when
using the hyperoxygenation phase of the BOLD response.
Key features in performing such segregation are differential
mapping techniques, short duration stimuli, and appropri-
ate stimuli with carefully characterized luminance and
contrast. The use of short duration stimuli is particularly
important because it prevents the BOLD response from
saturating and allows us to use the peak activation as a
proportional measure of the amount of neural activity in
the voxel (22). A long inter-trial interval allowed the BOLD
response to return to baseline (2).The use of mechanical
head immobilization and a very high field scanner are also
very important tools since the head must be stationary and
the experiment as short as possible. Our measurement is an
upper limit to the cortical vasculature PSF in the visual
cortex. Such fine resolution may not be achievable in all
parts of the cortex and will depend on the availability of
clever paradigms that allow differential mapping. Ulti-
mately, it is the extent of the lateral connections and their
inherent activity that will determine the cortical vascula-
ture PSF in different areas of the brain.
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